In order to investigate the mechanism through which insulin is absorbed by the intestinal epithelium and transferred to the circulation where it exercises its biological activity of lowering blood glucose levels, a combined biochemical morpho-cytochemical study was undertaken on rat ileal tissue, in vivo. Insulin was introduced into the lumen of the ileum in combination with sodium chelate and aprotinin and allowed to be absorbed for various periods of time. Analysis of blood samples from the inferior vena cava, at different time points has demonstrated an increase in plasma insulin followed by a decrease in blood glucose levels. The ileal tissues were studied at different time points after the introduction of the insulin, by applying the protein A-gold immunocytochemical technique. Insulin antigenic sites were detected with high resolution, at various levels of the enterocytes but were absent from goblet cells. At 2 to 5 min, the labelling was mainly associated with the microvilli and endocytotic vesicles in the apical portion of the epithelial cells. Some gold particles were in contact with the lateral membranes. At 10 min, the labelling was found at the level of the trans-side of the Golgi apparatus and mainly along the base-lateral membranes of the epithelial cells. Labelling was also detected in the interstitial space. The control experiments have demonstrated the specificity of the labelling and confirmed the nature of the insulin molecules detected. Furthermore, the morphological study has confirmed that exposure of the tissue to the insulin-chelate aprotinin solution does not affect the integrity of the epithelium while promoting insulin absorption. Thus, insulin introduced in the lumen of the rat ileum in conjunction with sodium chelate and aprotinin, appears to be rapidly absorbed by the epithelial cells and transferred to the circulation through a transcytotic pathway.
Since the discovery of insulin and its successful use for treatment of diabetes mellitus, numerous attempts have been made in search of alternative methods to injection [1] . In recent years several studies have reported successful results demonstrating that nasal [2] [3] [4] , rectal [5] [6] [7] [8] [9] and oral-enteral [10-14] administration of insulin is feasible provided that particular conditions are provided. When considering the oral administration of insulin, two major difficulties are encountered, the intensive proteolytic activity of the gastrointestinal tract and the relative impermeability of the intestinal epithelium to the transport of peptide and proteins. These two limitations seem to be overcome by the use of proteinase inhibitors to protect the peptide from major proteolysis and the addition of surfactants to promote the absorption of peptides and proteins by the intestinal mucosa [7, 13] . Bile acids were found to b e active for this latter function [7, 13] . It has been recently demonstrated that efficient insulin transport by the intestinal epithelium differs depending on the proteinase inhibitor and bile acid used. Amounts of insulin able to induce significant lowering of blood glucose levels are transported from the rat intestinal lumen to the blood when it is administered in combination with sodium chelate and aprotinin [7, 13] .
While conditions for effective oral administration of insulin are still being defined, little is yet known about the mechanism by which insulin is absorbed by the intestinal epithelium and is subsequently transferred to the circulation. In an attempt to study this mechanism, we have investigated the pathway of insulin transport by the ileal epithelium. The use of a morpho-cytochemical approach has revealed the location of insulin molecules in the ileal epithelial cells. Indeed, application of the protein A-gold immunocytochemical technique [15, 16] , allows for the detection of antigenic sites with high resolution, at the electron microscope level. Insulin was introduced in the lumen of the rat ileum in combination with aprotinin and sodium chelate and allowed to be absorbed for various periods of time. The biochemical analysis of blood samples demonstrated the absorption of insulin by the ileal epithelium. The adsorbed insulin was able to reduce significantly the glycaemic levels of the animals. The subsequent ultrastructural localization of insulin antigenic sites on thin sections of the ileal tissues has enabled the tracing of the path taken by insulin during its internalization by the epithelial cells.
Materials and methods
Male rats of the Hebrew University strain weighing 250-350 g, were kept on a standard diet with pelleted chow. The animals were fasted for 16 h before the beginning of the experiment. Under sodium barbital (60 mg/kg) anaesthesia, a surgical operation was performed in order to inject an insulin solution into the ileum. A longitudinal incision of the abdomen was made to expose the small intestine. A loop of the ileum of about 7 cm, located 5 cm away from the caecum, was chosen and clamped at both ends. A 0.5 ml solution of 0.15 mol/1 NaC1 containing the different reagents was injected into the lumen of the ileum. The animals received 150 U of human insulin (Novo, Copenhagen, Denmark), mixed with 2000 Kallikrein inhibitor units (KIU) of aprotinin (Trasylol, Bayer, Leverkusen, FRG) and 5 mg of sodium cholate (22 mmol/1) (Sigma, St Louis, Mo, USA) in 0.5 ml of 0.15 mol/1 NaC1. The addition of aprotinin was required in order to prevent insulin degradation; rates of degradation with and without aprotinin were reported previously [13] . In control experiments, the animals were injected with the same volume of saline containing only the aprotinin (2000 KIU) and the sodium cholate (5 mg) without insulin. The solutions were kept in the lumen of the ileum for periods of time, from 2 to 60 rain. Six animals were selected for the morpho-cytochemical study of their ileal tissue, while three were kept for the biochemical analysis of their blood.
For the morphological study, at the end of each time point (2, 5, 10 and 30 min) after insulin administration, the loop of the ileum having been exposed to the solution was sampled, cut open and fixed by immersion with a 1% solution of glutaraldehyde in 0.1 mol/1 phosphate buffer (NaH2PO4/Na2HPO4) for 2 h at room temperature. The tissue fragments were then processed for electron microscopy.
For the biochemical determinations of plasma glucose and insulin levels, blood samples of 0.3 ml were taken from the inferior vena cava at 0, 2, 5, 10, 30, and 60 min after insulin administration. Glucose was determined on plasma samples by the glucose oxidase method (Boehringer, Mannheim, FRG). On the other hand, insulin was determined by radioimmunoassay (Serono Diagnostic, Coinsins, Switzerland) using human insulin standards on plasma samples diluted 1:10 to 1:50. The assay lower and upper limits were 5 and 400 gU/ml respectively with intra-and inter-assay precisions of 5 to 10%.
Cytochemistry
For electron microscopy immunocytochemistry, the fragments of ileum fixed with glutaraldehyde were rinsed with the phosphate buffer and post-fixed with 1% osmium tetroxide for 1 h at 4~ After dehydration in ethanol and propylene oxide, they were infiltrated with Epon and polymerized. The tissue blocks were embedded in flat molds for good orientation of the epithelium. Semi-thin sections were cut and examined at the light microscope level. Blocks demonstrating a good orientation of the ileal epithelium with cells cut along their major axis, were then chosen for electron microscopy. Thin sections were cut, mounted on Parlodion and carbon-coated nickel grids and processed for immunocytochemistry.
The grids with their mounted sections were incubated for 1 h on a saturated solution of sodium metaperiodate [17] at room temperature and then rinsed with distilled water. The grids were incubated M. Bendayan et al.: Insulin absorption by the ileum on one drop of 0.01moi/1 phosphate buffered saline (NaH2PO4/Na2HPO4, NaC10.15 mol/1) pH 7.2 (PBS) containing 1% ovalbumin for 5 min and then transferred to one drop of the anti-insulin antibody (Miles Chemicals, Ontario, Canada) diluted 1/200. The incubation with the antibody was carried out at room temperature for 2 h. The grids were rinsed with PBS, and incubated on one drop of the protein A-gold complex for 1 h at room temperature. After a thorough wash with PBS and distilled water, the sections were dried, stained with uranyl acetate and lead citrate and examined in the electron microscope. The protein A-gold complex was prepared with 15 nm gold particles as described previously [15, 16] .
Several control experiments were performed in order to assess the specificity of the labelling: (1) the anti-insulin antibody was adsorbed with its specific antigen for 24 h at 4~ before its use for the labelling protocol; (2) the tissue sections were incubated with the protein A-gold complex without a previous incubation with the specific antibody; (3) sections of ileum exposed to the aprotinin and sodium cholate solution but not to insulin, were incubated with the anti-insulin antibody and the protein A-gold complex.
Results
Biochemical determinations have indicated that absorption of biologically active insulin from the ileal lumen and its transfer to the blood circulation did occur, as demonstrated by the elevation of plasma insulin concentrations and the decrease in blood glucose levels. Table 1 shows that a rise in plasma insulin occurs as early as 2 min after the introduction of insulin into the ileal lumen. Insulin levels peaked between 5 and 30 min after the beginning of the experiment. From the data obtained, considering the Table 1 . Plasma glucose and insulin levels in rats at different time points after the injection of 150 U of insulin, 2000 KIU of aprotinin and 10 mg/ml of sodium cholate in the ileum Plasma glucose levels (mmol/1) Plasma insulin levels (mU/1) a In spite of these high levels of circulating insulin, all the animals remained alive for more than two months after the experiment. KIU = kallikrein inhibitor units half-life of insulin and the blood volume, we can estimate that 0.5 U of insulin were absorbed during the first 30 min. Blood glucose on the other hand, started to decrease 10 min after insulin administration and reached its lower levels, 50% and 35% of its initial value, at 30 and 60 min, respectively after the beginning of the experiment. The results demonstrated very good correlations between the increase in circulating insulin and the decrease of glycaemic values. Furthermore, the time lapse between these changes showed that the decrease in blood glucose followed the increase in insulin levels. No significant changes in plasma insulin and glucose concentrations were detected in the control experiment in which sodium cholate and aprotinin were administered without insulin ( Table 2 ).
The introduction of the insulin solution into the ileal lumen, did not alter the structural integrity of the ileal epithelium. Morphological examination performed at all time points has demonstrated that the enterocytes remained intact with well-developed microvilli. The cells were joined by tightly closed junctional complexes. A thin layer of cell coat was observed over and between the microvilli. The ultrastructural preservation of the epithelial cells was adequate, with no sign of cell degeneration, membrane hydrolysis or lysosomal proliferation.
Application of the anti-insulin antibody in conjunction with the protein A-gold complex on thin tissue sections, resulted in a labelling by gold particles over the epithelial cells. Fixation of the tissue with glutaraldehyde and osmium tetroxide allowed for very good ultrastructural preservation which in turn, yielded labellings of very high resolution allowing for an accurate identification of the labelled structures. The pattern of labelling differed among samples depending on the length of time the ileal epithelium was exposed to the insulin solution. Indeed, those tissues exposed to the insulin solution for 2 min, displayed a labelling concentrated in the apical region of the cells (Fig. 1) . Most of the gold particles were seen associated with the cell coat and in contact with the membranes of the microvilli. Some particles were found in the bottom of the microvilli and in deep invaginations of the apical plasma membrane. These invaginations correspond to endocytotic figures leading to endosomal vesicles. Multivesicular structures located in the apical region of the cells were also labelled (Fig. 1) . Some particles were also present in contact with the lateral membrane associated with the interdigitations located close to the junctional complexes in the apical portion of the epithelium. After 5 min (Fig. 2) , most of the particles were detected over vesicular structures Fig.3 . Rat ileal tissue exposed to insulin for 5 rain. The association of the labelling for insulin with the microvilli (mv) is conspicuous when these are cut transversely, x 80,000
Hg.4. Rat ileal tissue exposed to insulin for 10 min. The labelling is associated with the Golgi apparatus (G) of the enterocytes, mainly with the cisternae in the trans side. Other particles (arrows) are associated with vesicular structures. Very few gold particles are seen over mitochondria (M).
• 45,000 particularly those present in the apical region of the cell. Multivesicular bodies were also labelled. Some particles were found deeper in the cell while others were associated with the lateral m e m b r a n e in areas of interdigitations. The intercellular junctional complexes remained tight and free of any label. The association of the gold label with the cell coat was prominent at higher magnification or when the microvilli were examined on cross section (Fig.3) . A t 10 min (Figs. 4-6 ), gold particles were detected deeper inside the cells. They were particularly associated with vesicular structures, with the Golgi apparatus and at the baso-lateral membrane. In the Golgi area (Fig.4) , particles were mainly present in the trans cisternae and associated with Golgi related vesicles. Few were seen in cisternae on the cis-side of the Golgi. A t 10 and 30 min a large n u m b e r of gold particles were present aligned along the baso-lateral membrane, particularly at the level of the interdigitations (Fig. 5) . Some particles were also found in the extracellular space, associated with the basal laminae (Fig. 6) . In all instances, very few particles were detected over nuclei and mitochondria. However, some particles were seen apparently free in the cytoplasm. These could be associated with vesicular or other structures which, because of the cutting procedure, were located outside the section.
Control experiments did allow for assessing the specificity of the labelling. In all instances, when the ileal tissue was exposed to insulin, its antigenic sites as revealed by the immunogold were detected in absorptive cells and not in goblet cells (Fig. 7) . This result speaks in favour of the internalization of insulin through the endocytotic activity of the absorptive epithelium. On the other hand, when insulin was absent from the solution injected into the lumen of the ileum, the immunogold approach was unable to yield any specific labelling in the epithelial cells, very few gold particles were more or less randomly distributed throughout the tissue (Fig.8) . Applying an anti-insulin antibody pre-adsorbed with its specific antigen, on ileal tissue having been exposed to the insulin, resulted in an absence of labelling (not illustrated). A similar result was obtained when the protein A-gold complex was used alone without the anti-insulin antibody. These control experiments, thus, confirm that the labelling obtained over the cellular structures in absorptive ileal epithelial cells, corresponds to the presence of insulin antigenic sites. The results also demonstrate that these insulin molecules originate from the injection protocol.
Discussion
Introduction of insulin into the rat ileum in combination with sodium cholate and aprotinin has enabled the internalization of the insulin molecules to such an extent that it induced lowering of the blood glucose levels. Indeed, analysis of blood samples collected in the inferior vena cava demonstrated an increase in insulin immunoreactivity followed by a decrease in blood glucose levels. These results together with those reported previously [7, 13] , strongly indicate that under appropriate conditions, insulin molecules are transferred from the ileal epithelium to the circulation. Conditions for optimal absorption of peptides and proteins by intestinal epithelial cells have been found to require the presence of a specific protease inhibitor and an adjuvant [13] . Previous studies have demonstrated the effectiveness of the aprotinin and sodium cholate for such a purpose in rat tissue [7, 12, 13] . On the other hand, the question of the path for internalization remains to be elucidated. The morphological-cytochemical approach utilising specific immunoprobes enables the detection of insulin antigenic sites on tissue sections with high resolution [15, 18] . The use of the protein A-gold technique [15, 16] is an appropriate choice for this purpose because of its application on tissue-sections and its high resolution at the electron microscope level. Indeed, application of this approach on thin sections of ileal tissue previously exposed to the insulin solution did result in a labelling over various cellular structures. The control experiments performed in order to assess the validity of the M. Bendayan et al.: Insulin absorption by the ileum approach demonstrated that the labelling obtained is specific and that the insulin antigenic sites revealed by the technique, correspond to insulin molecules internalized by the cells. Our results have indicated that the absorption of insulin from the ileal lumen occurred via the enterocytes, as the goblet cells were free of label. The internalization occurred via a pathway, which was revealed by the time schedule of the experimental protocol. Indeed, after very short periods of exposure, the insulin antigenic sites were detected mainly at the level of the microvilli. Intracellularly, the insulin antigenic sites were associated with endocytotic invaginations of the apical plasma membrane or with endosomal vesicles as well as with the lateral membrane in the apical region of the cells. After longer periods of exposure, the insulin was found in the Golgi area and mainly in great amounts in association with the baso-lateral plasma membrane. A significant amount of labelling was eventually found in the extracellular space demonstrating the transfer of insulin molecules from the lumen to the interstitial space. The fact that the junctional complexes present in the upper part of the epithelium remained tight and unlabelled, indicates that no significant passage of insulin seems to occur via this path.
The limitations of the technical approach used, correspond to its sensitivity and to the nature of the antigenic sites that are detected. Indeed, due to the sensitivity of the approach, large amounts of insulin had to be introduced in the lumen of the ileum in order for the immunocytochemical probes to detect a signal inside the cells. Previous studies [7] have revealed that only a small proportion, 3 to 5%, of the total insulin is absorbed during the first 15 to 20 min. Thus, for its detection on thin tissue sections, relatively large amounts had to be introduced into the lumen of the ileum. The specificity of the anti-insulin antibody used together with the various control experiments performed, confirmed the nature of the antigenic sites detected. However, insulin antigenicity may be exhibited by intact molecules as well as by peptidic fragments of insulin resulting from its breakdown. No control or experimental protocol could allow for discrimination between both types of antigenic sites. However, the biochemical determinations of insulin immunoreactivity in the plasma, together with the variations in blood glucose levels have demonstrated that the insulin reaching the circulation was biologically active, inducing a lowering of the glycaemic levels.
After adsorption onto the apical plasma membrane, the insulin molecules were internalized by endocytosis and reached, via an endosomal pathway of small vesicles, the baso-lateral plasma membrane where they were secreted into the interstitial space as are several other secretory products of this cell. The pathway taken by insulin molecules through the epithelial cells corresponds to a transcytotic route similar to that described for IgG in these same cells in the neonatal rat [19] . The participation of the Golgi complex differs, however, from the previous study on IgG in which the Golgi cisternae were only labelled when cationic ferritin was used. Under our study conditions however, no tracers such as peroxidase or cationic ferritin were used, since the cytochemical labelling of insulin was performed on a post-embedding approach. The fact that labelling of the baso-lateral membrane was observed as soon as 2 to 5 min after the introduction of insulin into the lumen of the ileum and the appearance of insulin molecules in the plasma, speak in favour of a very fast transfer of insulin from the lumen to the interstitial space, most probably bypassing the Golgi apparatus. Thus, labelling of the trans-cisternae of the Golgi may correspond to membrane recycling pathway as described in many cells [20] [21] [22] and/or to the transcytosis of insulin. What remains to be elucidated, is the presence of insulin receptors at the level of the apical plasma membrane. This question is in fact, relevant for all pancreatic hormones since they are normally present in the pancreatic juice and reach the intestinal lumen [23] . Insulin receptors were described in enterocytes [24] [25] [26] [27] . However, while some studies have demonstrated the presence of insulin receptors in the luminal plasma membrane, at the level of the microvilli [25] , others seem to indicate that insulin receptors are mainly in the baso-lateral membrane of the enterocytes [24, 26] ; differences in the experimental protocols used can account for these discrepancies. Thus, whether insulin internalization by the luminal surface of ileal epithelial cells takes place through the classical receptor-mediated endocytosis, remains to be elucidated.
The introduction of sodium cholate and aprotinin into the lumen of the intestine could produce cellular alterations at the level of the epithelium. However, morphological examination of the tissue has demonstrated that the conditions used did not induce any changes in the integrity of the epithelium or in the junctional complexes. Intracellularly, the epithelial cells did not seem to be affected, since no structural modification of the cells such as lysosomal proliferation and membrane degeneration were detected. These results indicate that the solution introduced into the lumen of the ileum had little negative effect on the tissue. On the other hand, these conditions were found to be efficient in protecting the peptide from being hydrolyzed to an extent which would prevent any biological activity and further promoted its internalization. The fact that sodium cholate by itself did not induce any cellular or tissue alteration should have been expected since cholate derivatives are normally present in the ileal lumen as part of the bile juice. Less well known is the fact that insulin as well as other pancreatic peptides such as glucagon and somatostatin do reach the lumen of the intestine through the pancreatic juice [28] [29] [30] [31] . Beside their secretion into the pancreatic interstitial space for reaching the circulation, the pancreatic hormones are also present in the pancreatic juice as a result of their exocrine secretion by particular endocrine cells located in the wall of the pancreatic ducts [23] . The role of these peptides in the pancreatic juice has only been the subject of speculation. The present study demonstrates that in fact peptides can be absorbed by intestinal epithelial cells in order for them to act directly on the metabolism of these cells [32, 33] or to be transported into the intestinal interstitial space to reach the circulation.
Various studies have been performed demonstrating that the administration of insulin at various levels of the 203 digestive tract may be adequate alternative routes for insulin treatment. Our present study was focussed on the evaluation of the passage of insulin through the ileal epithelium, revealing the pathway of this internalization. No attempt was made to compare this site of insulin administration to others previously used, such as the rectal or nasal sites.
